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Abstract 
 
Spatially Resolved X-Ray Diffraction (SRXRD) has been used to identify a previously unob-
served low temperature ferrite (δ)/austenite(γ) phase transformation in the heat affected zone 
(HAZ) of 2205 Duplex Stainless Steel (DSS) welds.  In this “ferrite dip” transformation, the 
ferrite transforms to austenite during heating to peak temperatures on the order of 750ºC, and 
re-transforms to ferrite during cooling, resulting in a ferrite volume fraction equivalent to that in 
the base metal.  Time Resolved X-Ray Diffraction (TRXRD) and laser dilatometry measure-
ments during Gleeble® thermal simulations are performed in order to verify the existence of 
this low temperature phase transformation.  Thermodynamic and kinetic models for phase trans-
formations, including both local-equilibrium and para-equilibrium diffusion controlled growth, 
show that diffusion of substitutional alloying elements does not provide a reasonable explana-
tion for the experimental observations.  On the other hand, the diffusion of interstitial alloying 
elements may be rapid enough to explain this behavior.  Based on both the experimental and 
modeling results, two mechanisms for the “ferrite dip” transformation, including the formation 
and decomposition of secondary austenite and an athermal martensitic-type transformation of 
ferrite to austenite, are considered.   
 

Introduction 
The ferrite(δ)/austenite(γ) transformation in duplex stainless steels (DSS) during GTA welding 
has recently been monitored using an in-situ Spatially Resolved X-Ray Diffraction (SRXRD) 
technique.[1]  In this study, x-ray diffraction is used to monitor the phases present at discrete 
locations in the weld Heat Affected Zone (HAZ).  Based on these observations, the phase trans-
formations occurring at locations across the length and width of the weld HAZ are identified.  
An analysis of the resulting x-ray diffraction patterns also provides a quantitative description of 
these phase transformations.  Figure 1 shows the map of the measured ferrite volume fractions 
at discrete locations surrounding the weld pool.[1]  The isotherms shown on the plot have been 
calculated using a well-tested three-dimensional thermo-fluids mathematical model.[2]   

Using this map, the δ/γ phase transformations occurring in the HAZ during the weld heating 
and cooling cycles can be predicted as a function of both position and time.  When coupled with 
the calculated thermal cycles, unique and previously unattainable kinetic information can be 
obtained, and a previously unobserved phase transformation is detected.  Evidence for this 
transformation is shown in Figure 2, where the ferrite volume fractions measured at a location 
9.5 mm from the weld centerline and corresponding thermal cycle are plotted.  This unexpected 
low temperature transformation sequence is characterized by a decrease in the ferrite volume 
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Figure 1.  Phase map showing the δ volume fractions calculated from the SRXRD patterns.  
Two isotherms are shown, marking the liquidus temperature (1443ºC) and the δ/γ solvus 
(1316ºC) [1] 
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Figure 2.  Plot showing variations in the temperature and the δ volume fraction with position, 
relative to the heat source, at y=9.5 mm.  A decrease of 10 to 15% is observed in the δ volume 
fraction during the heating portion of the thermal cycle. 
 
fraction on heating followed by a recovery of the ferrite volume fraction to its previous base 
metal value on cooling.  This transformation sequence occurs at a peak temperature of ap-
proximately 750˚C with a heating rate of approximately 23˚C/sec and a cooling rate of ap-
proximately 15˚C/sec.  Since the ferrite volume fractions return to the base metal value with the 
completion of this transformation, there is no evidence of this reaction having occurred in the 
post-weld microstructure.  Therefore, only through the direct in-situ observation of the phase 
transformations using the SRXRD technique could this unexpected transformation be observed.   

Over a similar temperature range (750˚C to 1000˚C), a number of other phase transformations 
have been characterized in 2205 and similar DSS alloys.[3-9]  These transformations include 



the precipitation of intermetallic phases (i.e. σ, χ, R, and π) and carbides and nitrides during 
prolonged high temperature heat treatments or in the fusion zone during multi-pass welding.  
They are the primary result of alloy element partitioning, with Mo and Cr being two of the most 
important.  The presence of these intermetallic phases, especially the σ phase, and the carbides 
and nitrides significantly degrade the corrosion resistance and mechanical properties of DSS 
alloys.   

In addition to the precipitation of these secondary phases, the formation of austenite, with com-
positions different from the primary austenite formed at high temperatures in the as-received 
microstructure, has been reported.[3-9]  A secondary austenite phase, which tends to have lower 
compositions of Cr, Mo, and N than the primary austenite, precedes the formation of other in-
termetallic phases during isothermal heat treatments between 750˚C and 1000˚C.  Southwick 
and Honeycombe [10] have also postulated that an athermal martensitic-type process may also 
be responsible for the formation of austenite from ferrite at temperatures between 350˚C and 
650˚C in their work on a 26% Cr-5% Ni stainless steel.  The resulting austenite phase in this 
transformation has the same composition as the base metal ferrite phase.   

The ferrite dip transformation sequence, first observed using SRXRD, will be further investi-
gated and potential mechanisms for this transformation are examined.  Additional experimental 
verification of this transformation sequence has been attempted.  Time Resolved X-Ray 
Diffraction (TRXRD) experiments use synchrotron radiation to monitor phase transformations 
in-situ as a function of time at a single location in the HAZ of a spot weld.  This technique is 
used to monitor the ferrite dip transformation sequence in a 2205 DSS spot weld in an attempt 
both to replicate the earlier findings in the SRXRD experiments and to directly monitor the 
transformation as a function of time.  These results are then correlated with temperatures 
calculated at the individual monitoring locations.  Radial dilatometry during Gleeble® thermal 
simulations, replicating the calculated thermal cycle in Figure 2, are also performed on base 
metal samples.  This technique measures the expansion or contraction of the sample resulting 
from both thermal and any transformation strains occurring during this thermal cycle.  Along 
with these experiments, results from the modeling of the thermodynamic stability and the 
kinetics of the δ/γ phase transformation are analyzed in an attempt to better understand the 
mechanisms governing the ferrite dip transformation sequence.  Based on these experimental 
and modeling efforts, potential mechanisms for the transformation sequence, involving the 
formation of secondary austenite and a δ→γ transformation occurring by an athermal 
martensitic mechanism, are examined and discussed.   

 

Experimental 
Synchrotron-based X-Ray Diffraction Experiments 
The TRXRD experiments are performed on the 31-pole wiggler beam line (BL 10-2) [11] at the 
Stanford Synchrotron Radiation Laboratory (SSRL) on the Stanford Positron-Electron Asym-
metric Ring (SPEAR).  In this setup, the synchrotron beam emerges from the wiggler and is fo-
cused by a toroidal mirror to a size of approximately 1 mm high x 2 mm wide and monochro-
mated with a double Si(111) crystal.  The focused beam then passes through a 540 µm tungsten 
pinhole to render a sub-millimeter beam on the sample at an incident angle of approximately 
25˚.  A schematic drawing of the basic features in the TRXRD experimental set-up is shown in 
Figure 3.  This general set-up is similar to the SRXRD experiments and has been discussed ex-
tensively elsewhere.[12-18]  Unlike the SRXRD experiments, though, the bar is not rotated be-
neath the fixed electrode here.  In this case, a spot weld is made on the bar, and the x-ray is kept 
at a position a fixed distance from the welding electrode.  During the spot welding process, 600 
measurements are taken at 200 ms intervals, allowing the transformations to be tracked as a 
function of time.   
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Figure 3.  Schematic diagram of the TRXRD experimental set-up. 

 

A photon energy of 12.0 keV (λ = 0.1033 nm) has been chosen to maximize the number of ob-
servable diffraction peaks and to ensure that the photon energy is high enough above the Fe 
(7.112 keV) and Ni (8.332 keV) K-edges to minimize the K-fluorescence contribution from the 
sample.  TRXRD patterns are recorded using a 50 mm long, 2048 element position sensitive Si 
photodiode array detector.  The detector array is Peltier-cooled and is placed approximately 10 
cm from the x-ray incident point on the sample in order to cover a 2θ range from approximately 
25˚ to 57˚, where θ is the Bragg angle.  Within this 2θ range, there are three peaks associated 
with the bcc (δ-Fe) and three peaks associated with the fcc (γ-Fe) phases in the 2205 DSS.[19]   

Gas tungsten arc (GTA) spot welds have been made on a cylindrical sample (10.2 cm diameter, 
8 cm long) machined from commercial 2205 DSS forged bar stock (22.43 Cr-4.88 Ni-3.13 Mo-
1.40 Mn-0.023 C-0.18 N-0.004 S-0.005 O-0.0007H-0.67 Si-0.02 Al-0.03 B-0.08 Co-0.20 Cu-
0.03 Nb-0.028 P->0.005 Ti-0.05 V- Bal. Fe).  The as-received material has been solution an-
nealed at 1065ºC for 2.5 hours followed by water quenching to ambient temperatures to give it 
nominally equal amounts of ferrite and austenite in the resulting microstructure.  This material 
is the same alloy and heat used in the previously reported SRXRD experiments.[1]   

These GTA spot welds are made using a peak current of 130 A and a background current of 90 
A, pulsed at a frequency of 300 Hz.  The pulsing parameters are designed to minimize the side-
to-side motion of the liquid weld pool, thus decreasing the potential experimental error in the 
location of the liquid/solid interface.  The arc gap is set at a distance of 0.28 cm, corresponding 
to an arc voltage of approximately 17 V, and welding is performed using a W-2% Th electrode 
with a diameter of 0.47 cm.  Shielding is provided to the weld pool by high-purity (99.999%) 
helium being flowed through the torch and from a helium side blow, which removes soot (con-
densed metal vapors) from the area being examined with the synchrotron x-rays.  The arc-on 
time for these experiments is set at 20 seconds.  To avoid contamination of the weld metal with 
the external atmosphere, welding is performed in an environmentally sealed chamber.  The 
welding process is monitored with an infrared (IR) camera (FLIR, Inc. Model SC1000).  Prior 
to welding, the chamber is evacuated to a vacuum level of approximately 8 Pa using a mechani-
cal roughing pump, after which the chamber is backfilled with helium until it reaches atmos-
pheric pressure.   

Analyses on the individual Bragg peaks in each TRXRD pattern are performed to measure their 
respective integrated intensity, full width at half maximum (FWHM), and 2θ values.  Each ex-



perimental peak is fitted with a sum of one or more Gaussian peak profile functions and a linear 
background and then measured using an automated curve-fitting routine developed in Igor 
Pro®, Version 4.0.  This technique is similar to one used to analyze SRXRD results.[1]  Based 
on these measurements, important thermal and microstructural properties of various phases in 
the material at specific times can be extracted.   

Additional analysis is performed on each diffraction pattern to estimate the ferrite and austenite 
volume fractions.  These values are semi-quantitatively determined by measuring the respective 
integrated peak intensities for each phase and then calculating the ratio between these values 
and the sum of integrated intensities of all the peaks in the diffraction pattern.  Since both 
phases are present at room temperature in the starting material, the intensity fractions are then 
normalized with respect to the base metal volume fractions measured using quantitative metal-
lography.  It is necessary to normalize the measured intensity fractions because of differences 
between the base metal δ/γ phase balance measured metallographically (54/46) and the base 
metal intensity fraction (62/38).  A more in-depth description of this methodology is given 
elsewhere.[1] 

Because of the many difficulties encountered in the accurate measurement of temperatures in 
the spot weld HAZ, a transient numerical heat transfer and fluid flow model, developed by pre-
vious researchers,[2] is used to calculate the thermal cycles experienced here.  Extensive testing 
on this material system [1] and other materials systems, including C-Mn steels [2,20-21] and 
titanium [16] has been performed, providing verification for the model.  In this model, the gov-
erning equations are solved in a three dimensional Cartesian coordinate system.  A computation 
time of 60 seconds is used; allowing the cooling cycle to be monitored for 40 seconds after the 
arc is extinguished.  The material parameters used in these calculations are shown in Table I.   

 

Table I  Material And Numerical Scheme Parameters Used In The Spot Weld Model. 
Property Value Reference 

Liquidus Temperature (K) 1715 * 
Solidus Temperature (K) 1589 * 
Density of Liquid (kg/m3) 7200 22** 
Enthalpy of Solid at Melting Point (J/kg) 1.05x106 23 
Enthalpy of Liquid at Melting Point (J/kg) 1.32x106 23 
Specific Heat of Solid (J/kg-K) 418.68 22 
Specific Heat of Liquid (J/kg-K) 808.05 22 
Thermal Conductivity of Solid (W/m-K) 18.83 22** 
Thermal Conductivity of Liquid (W/m-K) 41.84 22** 
Viscosity of Liquid (kg/m-sec) 0.0085 22 
Temperature Coefficient of Surface Tension (N/m-K) -9.25x10-4 22** 
Coefficient of Thermal Expansion (1/K) 1.00x10-5 22 
Arc Radius (cm) 0.275  
Arc Efficiency (%) 40  
Time Step (sec) 0.01  
Arc On Time (sec) 20  

*  Values are based on calculations provided by ThermoCalc for an alloy of this composition. 
**  Values are based on approximations from pure metal values. 
 

The calculated spot weld dimensions and those measured in a typical weld cross section show 
good agreement.  For example, the measured diameter of the top surface (10.48±0.51 mm) 
compares well with the value calculated using the thermo-fluids model (10.60 mm).  The meas-



ured cross section depth of the spot weld (1.72 mm) also compares favorably with the calcu-
lated value (1.92 mm).  Even though there is a difference between the measured and calculated 
weld pool dimensions, the difference in dimensions is small enough that the resulting thermal 
cycles at the monitoring location are minimal.   

The initial heating and cooling rates, calculated immediately after the initiation and extinguish-
ing of the arc, are extremely rapid, especially at locations closest to the heat source.  For exam-
ple, the heating and cooling rates directly underneath the heat source are 780ºC/sec and 
505ºC/sec, respectively, for two-second periods immediately following the initiation and extin-
guishing of the arc.  As the distance from the fusion zone center is increased, the calculated 
heating and cooling rates decrease.  In particular, at a location 3 mm from the fusion zone 
boundary, which corresponds with where the TRXRD measurements are made, the heating and 
cooling rates at these same times are 129.8ºC/sec and 127.6ºC/sec, respectively.  After the ini-
tially rapid heating and cooling, these rates slow considerably.   

Gleeble® Thermal Simulations 
Thermal simulations, replicating those calculated in the 2205 DSS GTA weld HAZ during 
SRXRD experiments,[1] have been performed on a Gleeble® 3500 Thermo-mechanical Simu-
lator.  The Gleeble® samples, which are rods approximately 6.35 mm in diameter and 76.2 mm 
in length, have been removed from the as-received forged bar at an orientation parallel to the 
extrusion direction.  The accompanying microstructural orientation of the as-received bar is 
shown in Figure 4.  In this figure, the austenite phase, which is the lighter colored of the two 
phases, can be characterized as generally having a rod-like morphology, with the rods oriented 
parallel to the extrusion direction of the bar.   
 

 
Figure 4.  Three dimensional representation of microstructural orientation of the as-received 
2205 DSS base metal. 
 

Each sample is heated from room temperature to 740°C at a heating rate of 30°C/s.  It is then 
held at this temperature for 4 seconds to achieve thermal equilibrium before cooling and is then 
cooled to room temperature at a cooling rate of 15°C/s.  The transformation strains are meas-
ured radially using a non-contact laser dilatometer.  The sample is initially loaded in a random 
rotation with reference to the extrusion axis (0° measurement), and the dilatations resulting 
from the applied thermal cycle are then measured.  After these measurements are completed, 
the sample is precisely rotated to 45° from its original position, and the thermal cycles are re-
peated (45° measurement).  Finally, the sample is rotated another 45°, and another set of meas-
urements are taken during the same thermal cycle (90° measurement).   



 

Results 
Synchrotron-based X-Ray Diffraction Experiments 
A TRXRD run has been performed by positioning the beam approximately 8 mm from the cen-
ter of a spot weld, which corresponds to a distance of 3 mm from the final fusion zone bound-
ary with an arc on time of 20 seconds.  Figure 5 shows the pseudo-color plot of the 2θ values 
vs. time for this TRXRD run.  This figure shows only the portion of the 2θ range with the 
fcc(111), bcc(110), and fcc(220) peaks.  Outside this 2θ range, there is little change in the ob-
served peak properties.  Ferrite and austenite peaks appear throughout the heating and cooling 
cycles.  The peak intensities for the prominent fcc(111) and bcc(110) change very little over the 
course of the run, except in the region immediately preceding and following the extinguishing 
of the arc.  Here, the fcc(111) peak intensity increases at times preceding the end of the heating 
cycle but returns to previous levels as the cooling cycle begins.   
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Figure 5.  Plot showing variations in peak intensities over the course of the TRXRD run. 
 

As noted previously, the base metal microstructure in this alloy is highly oriented.  Changes in 
the microstructural texturing of this alloy from its starting condition during the heating and 
cooling cycles are apparent in the diffraction patterns comprising Figure 5.  In particular, the 
behavior of the fcc(200) peak demonstrates how the microstructural texturing can change dur-
ing both heating and cooling.  For example, in the base metal microstructure, which corre-
sponds to a time of 0 seconds in Figure 5, the fcc(200) peak is not present.  At the latter stages 
of heating, though, the fcc(200) peak appears, indicating that the initial microstructural textur-
ing is lessening.  In addition, the fcc(111) peak also displays an increasing intensity at the 
higher temperatures.  This increase in intensity could be the result of preferential texturing of 
this peak or of the previously observed phase transformation.   

The texturing noted in the diffraction patterns is exacerbated by the experimental set-up.  In the 
experimental set-up, only a small portion of the Debye circle of each characteristic peak is cap-
tured by the linear detector.  In the TRXRD experiment, the diffraction peaks are captured at a 
single location, which, given the size of the x-ray beam (540 µm), encompasses a limited num-
ber of grains and a short time frame (200 msec).  During heating or cooling, the Debye circle 
for each peak can transform into Laue spots.  When these spots appear outside the range of the 
linear detector, they go undetected.  If the spots appear in the detector range, there is the possi-
bility that the intensity of that peak may be skewed to a higher level than actually exists in the 



microstructure.  On the other hand, diffraction peaks in the SRXRD experiments are captured 
over a much larger number of grains and a much longer time frame (10 seconds).  These condi-
tions lessen the effects of microstructural texturing on the diffraction results and produce a 
more complete picture of the actual conditions in the microstructure.   

Even with the unknown effects of microstructural texturing, an analysis of the peaks detected at 
each time can provide a great deal of insight into the transformations occurring over the dura-
tion of the TRXRD experiment.  The integrated intensities of the peaks in each diffraction pat-
tern are measured and then converted to ferrite volume fractions, which are plotted in Figure 6, 
along with the calculated thermal cycle, as a function of time.  Even though this plot shows evi-
dence for the previously observed low temperature transformation, microstructural texturing 
can also play a role in these results.  For example, the resulting ferrite volume fraction meas-
urements at the higher temperatures may be skewed to unrealistically high austenite volume 
fractions by the addition of these austenite peaks.  Without being able to observe the entire De-
bye circle for each peak in the chosen 2θ range, it is not possible to definitively determine 
whether the observed dip in ferrite volume fractions on heating is the result of only texturing or 
an actual phase transformation.  By taking into account every peak present in each diffraction 
pattern when measuring the ferrite volume fraction, the effects of texturing can at least be, in 
part, offset.  As a result, the dip in ferrite volume fractions is present but may not be as signifi-
cant as shown.   

In this plot, three distinct transformation regions (ferrite growth, dip, and recovery) are identi-
fied.  The calculated thermal cycle displays a peak temperature of approximately 720ºC, with a 
heating rate of approximately 35ºC/sec, which is calculated over the course of the entire heating 
cycle, and a cooling rate of approximately 127.5ºC/sec, which is calculated over the first two 
seconds of cooling.  The observed decrease in the ferrite volume fraction at the latter stages of 
the heating cycle and the recovery of the ferrite volume fraction at the initiation of cooling are 
similar to what is observed in the SRXRD experiments and indicate that some type of transfor-
mation is taking place.   
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Figure 6.  Plot showing the measured ferrite volume fraction and the calculated thermal cycle 
for the TRXRD run.  Regions of the ferrite growth, dip, and recovery are shown. 
 
Characteristics of the individual peaks are also measured and are summarized in Table II.  Here, 
the times, temperatures, ferrite volume fractions, lattice parameters, and FWHM values associ-
ated with each transformation region over the course of the TRXRD run are listed.  Particular 
attention, though, is given to shifts in the 2θ and FWHM values for the fcc(111) and bcc(110) 



peaks, which are plotted in Figures 7 and 8, respectively.  In general, the decrease in the 2θ val-
ues observed during heating in Figure 7 relates to the expansion of the lattice, while the increase 
in the 2θ values corresponds to lattice contraction during cooling.  Because of its higher coeffi-
cient of thermal expansion, the 2θ shift for the fcc phase is greater than that for the bcc phase.  
The data included in this plot also provide evidence of any strains resulting from phase trans-
formations occurring at this location.   

 

Table II Characteristics of the ferrite growth/dip/recovery transformation sequence. 
Ferrite Growth Ferrite Dip Ferrite Recovery  Original Start End Start End Start End Final 

Time (sec)         
 0 3 16.2 17 23 23.2 35.2 120 
         

Temperature (ºC)        
 25 232.1 670.8 679.8 720 686.9 172.7 ---- 
         

Ferrite Volume Fraction       
 49.42 47.82 65.28 63.93 25.17 29.91 46.02 51.60 
         

Lattice Parameter (Å)        
    Austenite 3.576 3.613 3.631 3.633 3.633 3.630 3.587 3.581 
         
    Ferrite 2.862 2.876 2.887 2.888 2.893 2.886 2.869 2.869 
         
FWHM         
    fcc(111) 0.2062 0.1647 0.0988 0.0960 0.0594 0.0569 0.1057 0.1981 
         
    bcc(110) 0.1981 0.1645 0.0766 0.0838 0.0943 0.0928 0.1165 0.1303 
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Figure 7.  Plots showing the variation in the 2θ values for the fcc(111) and bcc(110) for the 
TRXRD run. 
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Figure 8.  Plot showing the variation in the FWHM values for the fcc(111) and bcc(110) peaks 
for the TRXRD run.  Regions of the ferrite growth, dip, and recovery are shown. 
 

Changes in the FWHM values of individual peaks, which are plotted in Figure 8 as a function 
of time for the bcc(110) and fcc(111) peaks also provide additional useful information.  An in-
crease in these values generally corresponds to an increase in the micro-strain in a particular 
phase.  In the SRXRD experiments, a narrowing of the peak width is used to denote the onset of 
annealing of both ferrite and austenite at elevated temperatures.[1]  In this plot, both peaks ex-
hibit a narrowing during the heating cycle and a broadening during the cooling cycle.  However, 
in the “ferrite dip” region, coinciding with the drop in the ferrite volume fraction, the FWHM 
values for only the bcc(110) peak increase, which is the opposite behavior than that expected 
during heating.  Such an increase in the peak width points to a non-uniform microstrain devel-
oping in the ferrite phase.[24]  The formation of such a microstrain may be caused by the initia-
tion of a phase transformation.  At the conclusion of the TRXRD run, the FWHM values for 
both peaks are lower than those in the as-received condition.  The resulting microstructure, 
therefore, exists in a different stress state than the as-received microstructure, even though the 
ferrite volume fraction is essentially unchanged.  These results are consistent with annealing of 
the microstructure, which has been shown to occur at temperatures above approximately 550ºC 
in this alloy system.[1] 

 
Gleeble® Thermal Simulations 
Laser dilatometry measurements have been made on 2205 DSS samples subjected to a thermal 
cycle similar to that shown in Figure 2 in an attempt to detect the low-temperature phase trans-
formation observed during both SRXRD and TRXRD experiments.  The samples are machined 
from the as-received bar along an orientation parallel to the extrusion direction, making the lon-
gitudinal direction of the bar perpendicular to the incident orientation of the x-rays.  This mate-
rial orientation matches that in the synchrotron based x-ray experiments.   

The dilatometric results from the three orientations are shown in Figure 9, along with a small 
schematic figure showing these general orientations.  In this plot, the data for each orientation 
show a systematic trend, dominated by a continuous change in the slope over the applied tem-
perature range.  On the other hand, a closer examination of the curves reveals a difference in the 
measured slopes at lower and higher temperatures.  For example, in the 45º orientation, the 
slope of the curve from 25ºC to 400ºC is approximately 1.464x10-5, and from 400ºC to 740ºC, 
the slope of the curve changes to 1.704x10-5.  Most importantly, the slope changes again be-
tween 600ºC and 740ºC to 1.837x10-5.  The change in slope, especially at the higher tempera-
tures, corresponds with the “ferrite dip” transformation. 



 

 
Figure 9.  Plots showing the dilatometric results for a 2205 DSS sample at three different orien-
tations.   
 

On the other hand, the measured relative diameter changes are not identical in each orientation, 
indicating that there is an orientation-specific nature to the dilatometric response of the alloy.  
This orientation dependence most likely corresponds to the effects of microstructural texturing 
in the alloy, which is displayed in the base metal microstructure shown in Figure 4.  The dila-
tion curves also show that the sample exhibits no net plastic strain after each thermal cycle, in-
dicating that the behavior may be reversible.  In the range of temperatures where the ferrite dip 
and recovery transformations are identified in the TRXRD and SRXRD experiments, no obvi-
ous dip in the dilatometric strain of the sample is observed.  However, since two phases are ex-
panding at different rates, and since the phase transformation may be occurring simultaneously, 
the dip may be difficult to detect.  More work is required in the analysis of this dilatometric 
data in order to separate the effects of thermal expansion and the observed phase transforma-
tions. 

Phase Transformation Modeling Overview 
A series of calculations have recently been performed to evaluate the kinetics of the “ferrite 
dip” transformation,[25] based on the assumption that diffusion controls the phase transforma-
tion.  Both ortho-equilibrium and para-equilibrium conditions at the δ/γ interface are consid-
ered.  In the ortho-equilibrium calculations, which are performed using the Dictra software[26], 
equilibrium is assumed at the interface between ferrite and austenite for the Fe-Cr-Ni-C-N sys-
tem, with a partitioning of all alloying elements similar to that observed in the base metal.  The 
equilibrium interface condition establishes compositional gradients near the interface and the 
resultant diffusion controls the transformation behavior.  In all cases, the model calculations 
show that the transformation behavior is very sluggish at the temperatures experienced in the 
weld HAZ.  In order to achieve significant changes in ferrite levels in the time frame corre-
sponding to the SRXRD measurements, temperatures on the order of 1100°C are needed for the 
transformation to proceed.  These temperatures are well in excess of the peak temperatures ob-
served in the weld HAZ during TRXRD and SRXRD experiments. 

Diffusion controlled growth has also been modeled using a para-equilibrium interface condi-
tion.  MatCalc software [27] has been used to perform these calculations with only the diffusion 
of N being considered.  Since the diffusion rate of nitrogen is much higher than that of the sub-
stitutional alloying elements considered previously, these simulations show that ferrite dissolu-
tion and re-formation can take place over times frames similar to welding.  During the heating 
cycle, the ferrite fraction is shown to decrease.  Upon cooling, the ferrite fraction is shown to 



increase and nearly reaches the initial ferrite fraction value, corresponding to the recovery in the 
ferrite volume fraction observed in the SRXRD experiments.  The extent of ferrite dissolution 
during heating and ferrite re-formation during cooling is roughly the same as that observed by 
SRXRD.  The same results are found when actual N contents, as well as when elevated N con-
tents, combining both the carbon and nitrogen levels, are used.  However, the calculations show 
that the ferrite dissolution during heating is more rapid than the ferrite formation during cool-
ing, which is the reverse of that observed in the SRXRD experiments.  Nonetheless, these cal-
culations provide evidence for the possible role of nitrogen in this transformation.   

 

Discussion 
Both TRXRD experiments and laser dilatometry during Gleeble® thermal simulations have 
been performed in an attempt to replicate the “ferrite dip” transformation observed during the 
SRXRD experiments.[1]  Based on the observations described above, the existence of the pre-
viously observed “ferrite dip” transformation has been verified.  However, questions regarding 
the mechanisms responsible for this transformation have not been satisfactorily answered by 
these experiments alone.  It is therefore necessary to combine both the existing experimental 
and modeling work in an attempt to consider other mechanisms.   

An analysis of the calculated thermodynamic stability of the ferrite and austenite phases in this 
alloy has been performed using ThermoCalc®, with the precipitation of intermetallic phases, 
such as σ and χ, being suppressed.  The results of this analysis are shown in Figure 10, which 
includes the base metal heat treatment conditions and resulting δ/γ fractions indicated on the 
plot.  In the as-received condition, the ferrite and austenite volume fractions exist in a metasta-
ble state because the alloy is heat treated at approximately 1060ºC before being quenched to 
room temperature.  Therefore, the resulting δ/γ fractions are more in line with what is expected 
at higher temperatures than at room temperature.  These theoretical base metal values and those 
observed metallographically in the as-received material compare favorably.   

When these results are combined with the TRXRD experimental observations, the thermody-
namic basis for the ferrite dip transformation sequence becomes clearer.  In particular, the pres-
ence of a dip in the ferrite stability below that of austenite occurs over a temperature range from 
750ºC to 1000ºC, reaching a minimum ferrite value at about 860ºC.  These temperatures corre-
spond to those over which the ferrite dip transformation sequence occurs, and a thermodynamic 
basis for the presence of each region of the transformation sequence (growth, dip, and recovery) 
can be extracted from this plot.  For example, the presence of a ferrite growth region preceding 
the ferrite dip and the ferrite recovery on cooling can be based on the increase in the ferrite sta-
bility at temperatures less than 700ºC.  At these lower temperatures, the equilibrium ferrite frac-
tions for this alloy are higher than those measured in the as-received alloy.   

The kinetics of the ferrite dip and recovery transformations is also measured in both the 
SRXRD and TRXRD experiments in terms of the rates of change of the ferrite volume fraction 
as a function of time.  During the SRXRD experiments [1], similar heating and cooling rates 
produce similar rates of change in the ferrite volume fractions during the dip and recovery (1.08 
vol.% δ/sec and 1.49 vol.% δ/sec).  These values, though, are much lower than those recorded 
in the TRXRD results (6.46 vol.% δ/sec and 5.07 vol.% δ/sec), which are produced at much 
slower heating (7ºC/sec) and more rapid cooling (55ºC/sec) rates.   
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Figure 10.  Plot showing equilibrium thermodynamic calculations, using ThermoCalc®, of the 
stability of the ferrite, austenite, and liquid phases in the 2205 Duplex Stainless Steel analyzed 
here.  The base metal solution treating temperature (1065ºC) and resulting ferrite and austenite 
fractions are indicated on the plot.   
 

Even though significant differences exist between the two sets of results, they can be traced, at 
least in part, to differences in the overall thermal cycles experienced in each experiment.  In the 
SRXRD experiments, the similar rates in the ferrite dip and recovery are produced by heating 
and cooling rates, which are nearly equal in magnitude.  On the other hand, the heating rate in 
the TRXRD experiments is significantly lower in magnitude than the cooling rate.  Yet, similar 
rates of change in the ferrite volume fractions during the ferrite dip and recovery are observed.  
These rates are also significantly higher than those observed in the SRXRD experiments.  The 
role of diffusion, especially that of nitrogen, in these transformations is bolstered by this differ-
ence in rates with different applied thermal cycles.  This dependence of the rates of change of 
the ferrite volume fractions on the heating and cooling rates points toward the role of diffusion, 
especially that of nitrogen, in the observed transformations.  The TRXRD experimental obser-
vations show, as well, that the ferrite dip is slightly more rapid than the ferrite recovery, corre-
sponding with the para-equilibrium modeling of nitrogen diffusion in this alloy.[25]   

A more in-depth analysis of the new TRXRD experimental data may prove worthwhile in ob-
taining a better understanding of this phenomenon.  Evidence of the governing mechanisms for 
this transformation may be present in the shifts in the peak positions and the peak widths in the 
TRXRD experiments.  These changes in the peak characteristics are summarized in Table II, 
where the results are divided into the three regions of the “ferrite dip” transformation sequence.  
In the table, the lattice parameters for the ferrite and austenite phases, which are calculated from 
the 2θ values of each peak present in the selected diffraction patterns using Bragg’s Law, are 
listed.   

As shown in Table II, the expansion and contraction of the austenite lattice parameters in the 
ferrite growth and recovery regions is greater than that for the ferrite phase.  These values are 
expected, given the higher coefficient of thermal expansion for austenite.  However, over the 
course of the ferrite dip region, the austenite lattice parameter shows no change and maintains 
nearly the same value as that observed at the end of the ferrite growth region.  The ferrite phase, 
though, displays a slight expansion in the ferrite dip region, providing an indication of differ-
ences in the behavior of the two phases under these conditions.  The FWHM values for the 
bcc(110) peaks, shown in both Table II and Figure 8, display a variation in their expected be-



havior in the ferrite dip region as well.  This unexpected disparity is an indication that the 
phases are reacting differently, and that the micro-stress state of ferrite, in particular, is behav-
ing in a way opposite to that which would be expected with heating alone.   

The role of changes in microstructural texturing on the observed ferrite volume fractions can 
not be easily dismissed.  As noted previously, the initial base metal microstructure in this alloy 
is highly oriented, and given the nature of the experimental set-up, the Debye circle for each 
peak can not be obtained using the linear detector array.  Without the entire set of diffraction 
data, the ferrite volume fraction measurements can only be considered sermi-quantitative.   

Based on these results, it appears that the diffusion of nitrogen may play a role in driving these 
transformations, but the results are not definitive.  Therefore, the formation of secondary aus-
tenite and a low temperature martensitic transformation of ferrite to austenite, both previously 
observed by other researchers [3-10], are discussed as potential mechanisms.  In the case of 
secondary austenite formation, the general temperature range over which it has been observed 
(750ºC to 1000ºC) matches that observed experimentally for the decrease in ferrite volume frac-
tion observed during heating.  The secondary austenite phase contains lower amounts of key 
alloying elements than the primary austenite in the base metal, which have been the basis for 
the previous kinetic and thermodynamic calculations.[25]   

Thermodynamic calculations modeling the formation of secondary austenite have shown that 
the formation of secondary austenite is possible when considering para-equilibrium of nitrogen 
between primary austenite and ferrite.[5]  If diffusion is the controlling mechanism, then the 
transformation must occur in a region where the diffusion distances are small, which is most 
likely at the ferrite/austenite boundary.  As a result of the heat treating and quenching that this 
alloy has undergone, the alloying elements are not evenly divided between the phases.  In par-
ticular, nitrogen is partitioned to the austenite phase,[25] thus providing a potential driving 
force for the diffusion of nitrogen between the two phases.  The diffusion of nitrogen between 
ferrite and austenite may occur, since the austenite and ferrite in the base metal are metastable, 
due to the solution anneal and quench from1065ºC. 

Secondary austenite in typical DSS alloys has been observed in the resulting microstructure af-
ter a variety of isothermal heat treatments of varying durations.[5-9]  Therefore, under these 
conditions, the ferrite recovery portion of the ferrite dip transformation sequence has gone un-
observed.  In order for the ferrite volume fraction to return to its as-received levels, the nitrogen 
diffused into the ferrite to drive the initial transformation must diffuse back into the austenite 
during cooling.  A dip in the ferrite stability is predicted in this same temperature range by equi-
librium thermodynamic calculations (Figure 10), providing a theoretical basis for these experi-
mental observations. 

The potential for a low temperature martensitic-type transformation of ferrite to austenite, like 
that reported by Southwick and Honeycombe [10], is also under consideration.  Since the aus-
tenite resulting from this transformation possesses the same composition as the ferrite phase, no 
diffusion is required.  Such a diffusionless transformation would be supported, in part, by the 
previous modeling work [25], in which the times and temperatures present in the SRXRD ex-
periments are not high enough to drive the diffusion of substitutional alloying elements.  On the 
other hand, nitrogen diffusion has been shown to be possible.  In addition, the austenite result-
ing from such a martensitic transformation would be highly strained compared to the primary 
austenite and ferrite, and changes in the peak characteristics would be expected.  Such changes, 
primarily in the FWHM values for the ferrite phase and the shift in the fcc(111) peak at the ini-
tiation of the ferrite dip transformation are potential indications of these changes.  With no dif-
fusion involved and the transformed austenite having the same composition as the ferrite, the 
back-transformation to ferrite with cooling can also be described, like the case for secondary 
austenite formation and decomposition, using the increasing stability of ferrite at lower tem-
peratures, which is shown in Figure 10.   



 

Summary And Conclusions 
The ferrite dip transformation sequence, characterized by a decrease in the ferrite volume frac-
tion during heating to peak temperatures of approximately 750ºC, followed by a recovery of 
ferrite to base metal levels during cooling has been first observed during SRXRD experiments.  
Both TRXRD experiments and laser dilatometry in Gleeble® thermal simulations have been 
performed in an attempt to verify this behavior.  A summary of the experimental findings is 
given below: 

• TRXRD experiments coupled with calculated thermal cycles show the ferrite dip 
occurring over the course of a thermal cycle similar to that previously observed 
during SRXRD experiments. 

• In the TRXRD experiment, the rate of change in the ferrite volume fractions dur-
ing the ferrite dip exceeds that observed during the recovery.  These results cor-
respond with those determined during the para-equilibrium modeling of nitrogen 
diffusion in this alloy system.[25] 

• An analysis of the peak characteristics from the TRXRD experiment shows that 
at the initiation of the ferrite dip there is a noticeable broadening of the ferrite 
peaks and a shift in the 2θ position of the austenite peaks.  These changes in 
peak characteristics provide an indication of the differences in the behavior of 
each phase as the ferrite dip and recovery transformations proceed.   

• Laser dilatometry during Gleeble® weld thermal simulation has been performed 
on 2205 DSS base metal samples at different orientations.  The results show dif-
ferences in both the measured dilations, indicating that there is an orientation-
specific nature to the transformation observed here.  This orientation dependence 
most likely corresponds to the effects of microstructural texturing in the alloy. 

 

Two potential mechanisms for the ferrite dip transformation sequence are examined:  the forma-
tion of secondary austenite and an athermal martensitic-type transformation of ferrite to austen-
ite.  Further work is required in order to definitively identify the mechanism responsible for this 
observed phase transformation.  Regions in the HAZ where this transformation is observed 
must be examined using Transmission Electron Microscopy (TEM) in order to provide direct 
evidence for the dominant mechanism at the extremely high resolutions required.  If the control-
ling mechanism is secondary austenite formation and decomposition, changes in the nitrogen 
concentrations in the δ/γ phase boundary regions along with evidence for a second phase in 
these same regions would be expected.  In the case of a martensitic-type transformation, evi-
dence of twinning or other evidence of strain in these same δ/γ phase boundary regions would 
need to be found.   
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